* allardlfjr@ornl.gov have been used over the years; some holders are designed with miniature furnaces that heat entire grids [2] , while a more recent development used a tiny spiral filament coated with a carbon film as the heater element [3] . These devices, while very useful for some applications (particularly in "environmental microscopes" that employ differential pumping to allow gases at some elevated pressure to be injected around the specimen), are invariably not as stable as might be desired for sub-Ångström imaging experiments. They are also limited by the speed at which the sample can be heated to temperature for stable operation. In collaboration with Protochips Inc. (Raleigh, NC), our laboratory is developing a novel new technology for in-situ heating experiments that overcomes a number of performance problems associated with standard heating stage technologies [4] .
Methods
Protochips' heating stage is based on their patent-pending Aduro TM technology, a novel semiconductor microelectromechanical systems (MEMS) fabrication process. The system is composed of a disposable MEMS device that serves both as the heating element and the specimen support grid, a TEM holder with electrical feed-throughs, and an external current source. The MEMS devices are microfabricated by Protochips using standard semiconductor processes and bulk micromachining steps. The key component of the MEMS device is a 100-nm thick, 500-nm square, freestanding membrane made from conductive ceramic suspended on a Si chip (shown schematically in Figure 1 ). This www.microscopy-today.com • membrane is unique in that it not only supports the sample but also controls the temperature, minimizing ambiguity by placing the sample in contact with the heat source. The ceramic membrane is patterned with a series of 3-micron holes ( Figure  2a) , which are subsequently overlaid with a holey carbon film, typically a C-flat TM film provided by Protochips that has a periodic array of uniform 1-micron holes (Figure 2b ). Powder samples are dispersed over the carbon film either by dry-dipping or by depositing a droplet of suspended particles (Figure 2c ). Current is forced through the membrane using an external power Figure 3 : a) MEMS heater device with geometry shown in Fig. 1; b) The device simply slides into place into a slot in the tip of the prototype specimen rod. This rod also accommodates other geometries. c) The chip in place in a commercial version of the single-tilt rod with membrane heated to a nominal 1000˚C (arrow).
supply (Keithley 2611), and through Joule heating the desired temperature is achieved as a function of current (temperatures are calibrated optically). Heating (and cooling) rates of up to 10 6 °C/second are possible due to the very low thermal mass of the membrane. This heating/cooling rate allows the membrane area to be cycled from RT to >1000°C in one millisecond with virtually instantaneous temperature stabilization. The primary effect on the sample, even with very large temperature excursions, is simply a change in focus (i.e. specimen height) because of expansion of the membrane during heating. Imaging at full resolution with no residual drift from thermal effects can commence immediately after z-height adjustment.
The chip is retained in a single-tilt holder (Figure 3 ) with electrical leads contacting electrode pads on the chip. A variety of chip geometries are available. Figure 3a shows a commercial heater chip. Figure 3b shows the chip in place on our prototype specimen holder, which was designed to accommodate this heater device as well as an earlier version. Figure 3c shows the chip in place in the commercial version of the single-tilt holder, which uses a simple clamping mechanism to provide electrical contact to the chip. The membrane in this figure is shown heated to a nominal 1000°C (arrow).
Aspects of the heating performance of the MEMS system are shown in Figure  4 . A high-angle annular dark-field (HA-ADF) image of a Pd nanoparticle dispersion (Figure 4a ), www.microscopy-today.com • 2009 July acquired with 32-ms line rate while the device was cycled periodically between RT and 700°C, dramatically illustrates the cycling ability of the MEMS chip. Th e image was started in focus at 700°C, then the power was abruptly turned off for a short period and subsequently restored to the original setting, and so on. Th e total z-axis displacement between power on and power off over the selected temperature range was measured to be 1.7microns for this particular device. Even with this large displacement from the original focus position, the image returned to essentially the same focus within one scan line of the image frame. Figure 4b is a plot of a stair-step cycling experiment where the temperature was varied 5 times within 2 seconds, from 730°C to 990°C. Th is experiment was conducted using the computer control capability of the programmable Keithley power source; it illustrates the response and reproducibility of the heating performance.
Applications
Th e rapid heating and cooling performance of the Protochips device allows a number of operating procedures to be used in heating experiments. A standard procedure is to heat to a required temperature, and then to record sequential images while the sample is at temperature, as shown in Figure 5 . In this experiment, the gradual coalescence of Pt atoms and clusters on an alumina support material is shown; the images were recorded while the sample was held at a nominal temperature of 500°C over a period of about 5 min [5] . Th is experiment provides information on the combined eff ects of heating and constant electron beam exposure on cluster formation, and allows comparison to a similar series taken with the sample returned to RT during image recording. Figure 6 shows the behavior of Pt-Sn species on carbon, an experimental fuel cell catalyst material [6] . In this experiment, the HA-ADF image of Figure 6a was recorded at RT, then the sample was heated to 500°C for 90 minutes with the beam off the sample, and the same area subsequently recorded at RT immediately aft er turning off the current to the heater chip (Figure 6b ). Th is experiment reveals individual remaining atoms, highly disordered clusters, and the formation of PtSn alloy nanoparticles, with minimum contribution from electron beam eff ects. Another mode of operation we have been testing is to conduct heating experiments in a gaseous environment at full atmospheric pressure. Th is is done by taking initial images at RT, recording the stage position, retracting the holder into the airlock chamber, then using a special manifold adapted to the air inlet system of the JEOL 2200FS to admit a reducing gas (e.g. 4% H 2 in Ar) into the airlock. Th e chip is then heated instantaneously to a required reducing temperature, held for a given time, and then cooled instantaneously. Aft er this processing, the airlock is re-pumped, the sample returned to its former stage orientation, and the fi nal image is recorded. Because of the facility of this procedure with its rapid turn-around, the cycling time between imaging sequences is minimized, allowing a number of image sets to be recorded, limited primarily by the time the sample is held at temperature. A signifi cant advantage of this process is that it allows samples to be exposed to more "realistic" reaction conditions than might be possible with an in-situ environmental microscope using diff erential pumping.
Th e unique design of the MEMS device also allows it to be incorporated into an environmental cell holder design, with one "window" of the cell being a heater chip on which is deposited the sample material. A single-tilt holder has been fabricated, with both electrical leads and gas supply and return lines, that is thin enough to be easily used in our JEOL 2200FS instrument, which has an objective lens pole piece with a 2-mm gap. A gas supply system for the E-cell holder has been designed, tested, and shown to allow the pressure in the cell to be controlled precisely at a known level in the range of a few Torr. The characterization of this holder and examples of its use will be highlighted in a future Microscopy Today article.
